In skimming flows on stepped spillway, flow resistance is predominantly a form drag process. Cavity recirculation and air entrainment are intense. The interactions between entrained air bubbles and mixing layers may cause some reduction in flow resistance. The paper presents new evidence showing a reduction in friction factor in skimming flow with increasing free-surface aeration. The experimental data are based upon detailed air-water flow measurements in large size models and may be extended to prototypes. The results might suggest some drag reduction, although comparable clear-water flow data are rare. 
Introduction
Stepped spillways have been used for more than 3500 years because of the ease of construction and design simplicity. Since the beginning of the 20th century, stepped chutes have been designed more specifically to dissipate flow energy (e.g. New Croton dam). Recently, new construction materials (e.g. RCC, strengthened gabions) have increased the interest for stepped channels and spillways. The construction of stepped chutes is compatible with the slipforming and placing methods of roller compacted concrete, with the construction techniques of gabion dams and with the precast concrete block system technique (e.g. Peyras et al., 1992; Chanson, 2001 ).
On a given stepped chute, low flows behave as a succession of free-falling nappes while, at large discharges, the water skims over the pseudo-invert formed by the step edges (Fig. 1) . The skimming flow regime is characterized by strong, three-dimensional cavity recirculation, and the flow resistance is primarily a form drag process (Rajaratnam 1990 ; Chanson et al., 2000) . For the past decades, there have been a debate on flow resistance estimate in skimming flows, with experimental results spreading over three orders of magnitude. Current Revision received 316 expertise suggests that the dimensionless friction coefficient (or Darcy friction factor) is about 0.1-0.3 (e.g. Table 1 , column 6). However air entrainment is always significant downstream of the inception point and the flow resistance may be affected by some drag reduction induced by free-surface aeration. Recently incomplete evidences of drag reduction were produced independently by Boes (2000) and Chanson (2001) .
It is the purpose of this paper to assess critically the effects of free-surface aeration on flow resistance in skimming flows. New air-water flow experiments were performed with channel slopes of 16
• and 22
• . The results are compared with the re-analysis of existing data (Table 1) and they demonstrate some reduction in flow resistance caused by free-surface aeration, although the basic mechanism differs from smooth-invert chute flows.
Experimental investigations
New experiments were conducted at the University of Queensland in a 5-m long, 1-m wide chute (Table 1) . Waters were supplied from a large feeding basin leading to a sidewall convergent with a 4.8 : 1 contraction ratio. The test section consisted of
Skimming flows on stepped spillways 317 Figure 1 Skimming flow on a stepped chute -Definition sketch. Table 1 Experimental data on drag reduction in skimming flows Air-water flow properties were measured using conductivity probes: a single-tip probe with 0.35 mm sensor size and a doubletip probe with a 25-micron sensor size. The probes were excited by an air bubble detector (AS25240) and the probe signal was scanned at 5-40 kHz for 20-180 s. The translation of the probes in the direction normal to the channel invert was controlled by a fine adjustment travelling mechanism. The error on the normal position of the probe was less than y < 0.1 mm. Flow visualizations were conducted with digital video-camera and high-speed still photographs. Further details were reported in Chanson and Toombes (2001a).
Flow resistance calculations
For h = 0.1 m, the flow was gradually varied at the downstream end of the chute. The equivalent Darcy friction factor was deduced from the friction slope S f :
where f e is the pseudo Darcy friction factor for air-water flow, g is the gravity acceleration, q w is the water discharge per unit width, C is the air concentration, y is the distance normal to the pseudobottom formed by the step edges, Y 90 is the characteristic distance where C = 90%, S f is the friction slope (S f = −∂H/∂x), H is • (present study, double-tip probe). Black symbols: air concentration data measured at step edges; white symbols: air-water velocity data measured at step edges; crosses: air concentration data measured at half-distance between step edges.
the total head and x is the distance in the flow direction. The total head and the friction factor were calculated based upon the air-water flow properties measured at step edges (e.g. Fig. 2 ). At uniform equilibrium (e.g. h = 0.05 m, θ = 15.9
• ), the flow resistance was calculated using the momentum equation:
where θ is the slope of the pseudo-invert formed by the step edges (e.g. Chanson et al., 2000) . The results were compared with the re-analysis of detailed air concentration measurements in skimming flows (Table 1) . Experimental data obtained in gradually varied flows and in normal flows were computed using Eqs. (1) and (2), respectively.
Experimental results
Air-water flow measurements showed smooth, continuous distributions of air concentrations and air-water velocity from the pseudo-bottom formed by the step edges (y = 0) up to the upper flow region. Figure 2 presents a series of results obtained on the 16
• cascade (h = 0.1 m), where the black and white symbols are respectively, air concentration and air-water velocity data measured at step edges, and the cross symbols are air concentration data measured at half-distances between step edges. In Fig. 2 , the air concentration data at step edges are compared with a theoretical model of the air bubble diffusion (Chanson and Toombes, 2001a) , while the velocity data are compared with a one-sixth power law for y/Y 90 < 1. For all experiments, there was a marked change in air concentration profiles measured at step edges and above the recirculating cavities. Greater flow aeration was observed consistently between step edges (Fig. 2 , cross symbols) than at adjacent step edges (Fig. 2 , black symbols), in particular in the fluid layers next to the recirculation cavity (i.e. y/Y 90 < 0.3-0.5). Similar observations were reported by Boes (2000) and Matos et al. (2001) . It is believed that cavity aeration is caused by air bubbles trapped in the core of recirculating vortices by inertial forces (e.g. Tooby et al., 1977) . Vortex trapping of bubbles leads to higher air content in the cavity flow and in the mixing layers downstream of the step edges (Figs 1 and 5 ). Flow resistance data are summarized in Fig. 3 , showing the Darcy friction factor f e as a function of the mean air concentration C mean measured at step edges and defined as:
Experimental results (white symbols) are compared with the reanalysis of detailed air-water flow measurements (black and cross symbols) (Table 1) . First, the results show a broad scatter which may be caused by differences in slope, instrumentation and inflow conditions (see Table 1 , columns 2, 7 and 8, respectively). Chanson and Toombes (2001b) discussed specifically the effect of inflow conditions on skimming flow resistance arguing that recirculation cavity instabilities might be related to the inflow conditions. Their analysis suggested greater flow resistance with uncontrolled broad-crest intake than with pressurized inflow. Second, the data exhibit an overall trend which is correlated by:
with a correlation coefficient of 0.392. Equation (4) suggests a decrease in friction factor f e with increasing mean air content in skimming flows. The trend is basically independent of the pseudo-slope of the invert.
Comparison with monophase flows
Flow resistance in monophase flows above large roughness is presented in Fig. 4 as a function of the relative roughness height k S /D H where k S is the roughness height and D H is the hydraulic diameter. The experimental data correspond to relative roughness height similar to relative step cavity height h cos θ/D H for stepped chute flows. Experimental data obtained in mountain rivers and prototype rockfill channels (white symbols) are compared with clear-water flows above triangular roughness elements (cross symbols). In monophase flows, Wygnanski and Fiedler (1970) observed experimentally that the maximum shear stress in mixing layers above rectangular cavities is independent of the distance from the singularity and their data yielded f = 0.18. For rectangular cavity flows also, Haugen and Dhanak (1966) and Kistler and Tan (1967) observed similar results. Chanson et al. (2002) developed an analytical estimate of the maximum shear stress in the mixing layer (Fig. 5) . Their development yielded:
where 1/K is a dimensionless rate of expansion of the shear layer with K ≈ 6 in air-water shear flows yielding f ∼ 0.2. A comparison between all these observations and measured flow resistance in air-water skimming flows is presented in Fig. 4 , where equivalent friction factors in monophase flows over large roughness ranged between 0.1 and 0.3. The result suggests lower pseudo-friction factors in air-water skimming flows (Fig. 4 , black symbols) and the reduction in flow resistance might be correlated by:
where tanh is the hyperbolic tangent function and f is an estimate of form drag friction factor in monophase flow. Equation (6) is shown in Fig. 3 (right vertical axis) for f = 0.24 (correlation coefficient of 0.395). It is a rough estimate that does satisfy basic boundary conditions: i.e. f e /f = 1 in clear-water flow (C mean = 0) and f e /f negligible in air flow (C mean = 1). Despite some scatter, the trend confirms Chanson's (1993) assumption that free-surface aeration induces a drag reduction process in skimming flows above a stepped spillway.
Discussion
On smooth-invert chutes, the presence of air within turbulent boundary layers reduces the shear stress between flow layers (Wood, 1983; Chanson, 1994 ). An estimate of the drag reduction is:
Equation (7) characterizes the reduction in skin friction associated with air entrainment causing a thickening of the "viscous" sublayer (Chanson, 1994) . It is plotted in Fig. 3 . The trend is very close to Eq. (6) although the drag reduction mechanism is entirely different. In skimming flows, separation occurs at each step edge and a shear layer develops with cavity recirculation beneath (Fig. 5) . It is believed that drag reduction results from interactions between entrained bubbles and developing mixing layer. Small air bubbles tend to resist stretching in the shear layer and this leads to some vortex inhibition. Hydrodynamic interactions between bubbles affect their orientation in the flow and might play a key role in reducing the instability of the flow as with fibre addition in water flows (e.g. Azaiez, 2000) . Riediger (1989) and Warholic et al. (2001) visualized interactions between particles and turbulent structures in turbulent shear flows of dilute polymer solutions. They showed the existence of large-scale turbulent structures and a drastic reduction in number of small-scale eddies, hence a reduction in momentum exchange across the mixing layers. In skimming flows, such a result yields a reduction in flow resistance according to Eq. (5).
In summary, the strong aeration of both recirculating cavity and mixing layer, illustrated in Fig. 2 , play a major role in the drag reduction process.
Design application
Design engineers must take into account flow aeration to estimate the flow properties used to calculate the flow velocity, and to dimension chute sidewall heights and downstream energy 
for a wide channel, where d c is the critical depth, the Darcy friction factor f e is estimated using Eq. (6) and f = 0.24 for flat horizontal steps. In Eq. (6), the mean air content may be estimated as in smooth-chute flows (Wood, 1983; Chanson, 1993 Chanson, , 2001 ). In gradually varied flows, the clear-water depth must be deduced from the integration of the energy equation in which the friction slope is estimated as:
for a wide channel. Alternately a simplified method may be used, as developed by Chanson (2001, pp. 174-175).
Conclusion
Detailed air-water flow measurements in skimming flows down stepped chutes were performed and the results are compared with the re-analysis of air-water flow studies. Overall the results show a decrease in air-water flow resistance with increasing mean air content. Experimental results are compared with experimental data in monophase flows and this suggests some drag reduction caused by free-surface aeration. Although the trend is close to a previous result obtained in smooth-invert chute flows, the mechanism of drag reduction is completely different. In skimming flow, drag reduction is caused by interactions between entrained air bubbles and developing mixing layers. The process is affected by a strong cavity aeration induced by inertial effect (Fig. 2) . The present results are limited to flat horizontal steps, chute slopes between 16
• and 60
• , and mean air contents between 0.25 and 0.65. Further experimental work is required to gain a clearer understanding of the interactions between entrained air and mixing layers for a wider range of flow conditions.
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